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(57) ABSTRACT 

Improved cavity ring doWn spectroscopy is provided by 
binning decay time vs. Wavelength data into Wavelength 
bins de?ned by discontinuities in a Wavelength monitor 
signal. Average decay times and average Wavelengths are 
computed for each bin. The optical loss of a target analyte 
at the average Wavelengths is determined from the corre 
sponding average decay times. 
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METHOD FOR THE PRECISE 
MEASUREMENT OF THE WAVELENGTH OF 

LIGHT 

FIELD OF THE INVENTION 

This invention relates to a method for using the free 
spectral range of an optical resonator in conjunction With a 
coarse Wavelength monitor having an output that is a mono 
tonic function of Wavelength to precisely measure the Wave 
lengths in a spectral scan. The precision of the Wavelength 
measurement exceeds the precision of the coarse Wavelength 
monitor. The cavity enhanced optical spectrometer can be 
either a cavity ringdoWn spectrometer (CRDS) or a cavity 
enhanced absorption spectrometer (CEAS). 

BACKGROUND OF THE INVENTION 

Molecular absorption spectroscopy is a technique that 
uses the interaction of energy With a molecular species to 
qualitatively and/or quantitatively study the species, and/or 
to study physical processes associated With the species. The 
interaction of radiation With matter can cause redirection of 
the radiation and/ or transitions betWeen the energy levels of 
the atoms or molecules. The transition from a loWer level to 
a higher level With an accompanying transfer of energy from 
the radiation to the atom or molecule is called absorption. 
When molecules absorb light, the incoming energy excites a 
quantiZed structure to a higher energy level. The type of 
excitation depends on the Wavelength of the light. Electrons 
are promoted to higher orbitals by ultraviolet or visible light, 
vibrations are excited by infrared light, and rotations are 
excited by microWaves. The infrared (IR) region is generally 
considered as extending from just beyond the red visible 
region (~0.7 pm to 50 pm). The 0.7 to 2.5 pm region is 
generally called the near-infrared (NIR), the 2.5 to 15 um 
region is referred to as the mid-infrared and the 15 to 50 um 
region is called the far-infrared. The Wavelengths of IR 
absorption bands are characteristic of speci?c types of 
chemical bonds, and IR spectroscopy ?nds its greatest utility 
in the identi?cation of organic and organometallic mol 
ecules. 

The data that is obtained from spectroscopy is called a 
spectrum. An absorption spectrum shoWs the absorption of 
light as a function of its Wavelength. The spectrum of an 
atom or molecule depends on its energy level structure. A 
spectrum can be used to obtain information about atomic 
and molecular energy levels, molecular geometries, chemi 
cal bonds, the interactions of molecules, and related pro 
cesses. Often, spectra are used to identify the components of 
a sample (qualitative analysis). Spectra may also be used to 
measure the amount of material in a sample (quantitative 
analysis). An instrument Which measures an absorption 
spectrum is called a spectrometer. 

Gaseous molecules are found only in discrete states of 
vibration and rotation, called the rovibrational state. Each 
such state, identi?ed by quantum numbers describing both 
the vibration and rotation, has a single energy Which 
depends on the quantum numbers. In dipole transitions 
described above, a single photon of radiation is absorbed, 
transforming the molecule from one ro-vibrational state to 
another. As the energies of the ro-vibrational states are 
discrete, so too are the energies of the transitions betWeen 
them. Therefore, a photon must possess a speci?c energy to 
be absorbed by a molecule to transform the molecule 
betWeen tWo given ro-vibrational states. Since the energy of 
a photon is proportional to the frequency of the radiation, (or 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
equivalently, inversely proportional to its Wavelength), only 
discrete frequencies (Wavelengths) can be absorbed by the 
molecule. The set of discrete frequencies (Wavelengths), 
often called absorption lines, at Which a particular species of 
molecule absorbs, is called the absorption spectrum of a 
molecule. The Width in frequency (Wavelength) of each 
absorption line depends on the speci?c ro-vibrational tran 
sition, the pressure and temperature of the gas containing the 
molecule, and the presence (or absence) of other types of 
molecules in the gas. Each species of molecule has a unique 
absorption spectrum, by Which the species of molecule may 
be identi?ed. Since the energies of di?ferent rotational states 
of a gaseous molecule are typically spaced much more 
closely than the energies of different vibrational states, then 
the absorption lines occur in sets, each set corresponding to 
a single vibrational transition, and many rotational transi 
tions. These sets of absorption lines are called absorption 
bands. 

In the NIR, all the vibrational transitions are harmonics of 
fundamental, mid-infrared bands. These harmonics can be a 
hundred to ten thousand times Weaker than their mid 
infrared counterparts. Standard methods, such as Fourier 
Transform Infrared Spectroscopy (FTIR), commonly used to 
characterize mid-infrared transitions, normally have diffi 
culty detecting these Weak absorption features in the NIR 
spectral region. Therefore, more sensitive detection methods 
are required to measure NIR absorption features. Moreover, 
because overtone bands and combinations of overtone bands 
often overlap in Wavelength (frequency), the NIR is nor 
mally ?lled With dense bands of absorption lines. It is 
therefore not uncommon to ?nd spectral regions Where the 
same molecular species has both strong and Weak transitions 
that are co-located in Wavelength (frequency). Hence, spec 
tral resolution is very important, especially for near-infrared 
detection systems. 

Measuring the concentration of an absorbing species in a 
sample is accomplished by applying the empirical Beer 
Lambert LaW. The Beer-Lambert laW (or Beer’s laW) is the 
linear relationship betWeen absorbance and concentration of 
an absorbing species. The general Beer-Lambert laW is 
usually Written as: 

AOQIOLOQLICQOQL (1) 

Where A0») is the measured absorbance, (1.0») is a Wave 
length-dependent absorption coef?cient, 6(7») is a Wave 
length-dependent extinction coef?cient, L is the path length, 
and C is the analyte concentration. 

Experimental measurements are usually made in terms of 
transmittance (T), Which is de?ned as: 

TII/IO 

Where I is the light intensity after it passes through the 
sample and I0 is the initial light intensity. The relation 
betWeen A and T is: 

A:—lOg T:—log(I/Io) (2) 

HoWever, modern absorption instruments usually display 
the data as transmittance, %-transmittance, or absorbance, as 
a function of Wavelength (or Wave number). An unknown 
concentration of an analyte can be determined by measuring 
the amount of light that a sample absorbs, and then applying 
Beer’s laW. Equations (1) and (2) shoW that the ability of a 
spectrometer to detect a speci?c concentration depends not 
only on the path length through the sample, but also on the 
intensity noise of both the light source and the detector. 
Sensitivity can be quanti?ed as a minimum detectable 
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absorption loss (MDAL), i.e., the normalized standard 
deviation of the smallest detectable change in absorption. 
MDAL normally has units of cm”. Sensitivity can also be 
de?ned as the achievable MDAL in a one second measure 

ment interval, and has units of cm-1 HZ_l/2. Sensitivity 
accounts for the different measurement speeds achieved by 
diverse absorption-based methods and is a ?gure of merit for 
any absorption-based spectroscopic technique. 

Typically, a spectral feature (called an “absorption peak”) 
of the target species is measured in order to obtain its 
concentration. Although most species Will absorb light at 
more than one Wavelength, the total spectral pro?le of any 
particular species is unique. The ability of a spectrometer to 
distinguish betWeen tWo different species absorbing at simi 
lar Wavelengths is called selectivity. Because spectral fea 
tures narroW as the sample pressure is reduced, selectivity 
can be improved by reducing the operating pressure. HoW 
ever, the spectrometer must still be able to resolve the 
resulting spectral lines. Thus, selectivity ultimately depends 
on spectral resolution. Spectral resolution, typically mea 
sured in frequency (MHZ), Wavelength (picometers) or Wave 
numbers (cm_l), is an important ?gure of merit for a 
spectrometer 

Optical detection is the determination of the presence 
and/or concentration of one or more target species Within a 
sample by illuminating the sample With optical radiation and 
measuring optical absorption by the sample and a Wide 
variety of optical detection methods are knoWn. Most of 
these methods, hoWever, have limited resolution, and can 
frequently not achieve su?icient selectivity in spectral mea 
surement. For example, FTIR spectrometers can provide a 
very broad spectral tuning range but only at the expense of 
spectral resolution. Many FTIR spectrometers cannot 
resolve individual rotational lines in an absorption band at 
loW operating pressures (beloW ~100 Torr). Non-dispersive 
infrared (N DIR) instruments have even less resolution that 
FTIR (typical ?lters cannot resolve individual rotational 
lines, let alone absorption bands) but enable inexpensive 
instruments. Tunable diode laser based absorption spectrom 
eters (TDLAS), can achieve excellent Wavelength resolution 
by ?nely tuning the laser. HoWever, their precision and 
accuracy depend on being able to measure, and hence 
control, the laser Wavelength. A TDLAS spectrometer is 
only as good as its Wavelength measuring component. 
Cavity enhanced optical detection entails the use of a 
passive optical resonator, also referred to as a cavity, to 
improve the performance of an optical detector. Cavity 
enhanced absorption spectroscopy (CEAS) and cavity ring 
doWn spectroscopy (CRDS) are tWo of the most Widely used 
cavity enhanced optical detection techniques. Cavity 
enhanced methods, like TDLAS depend in resolution on the 
quality of the Wavelength monitoring device and resulting 
laser control. Both methods, hoWever, provide a signi?cant 
improvement in sensitivity over traditional TDLAS. 

The intensity of single-mode radiation trapped Within a 
passive optical resonator, called the ring-doWn cavity 
(RDC), decays exponentially over time, With a time constant 
'5, Which is often referred to as the ring-doWn time. In 
practice, it is desirable to ensure that only a single resonator 
mode has an appreciable amplitude, since excitation of 
multiple resonator modes leads to multi-exponential radia 
tion intensity decay (i.e., multiple time constants), Which 
signi?cantly complicates the interpretation of measurement 
results. The ring-doWn time '5 depends on the cavity round 
trip length and on the total round-trip optical loss Within the 
cavity, including, of course, loss due to absorption and/or 
scattering by one or more target species Within a sample 
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4 
positioned inside the cavity. Thus, measurement of the 
ring-doWn time of an optical resonator containing a target 
species provides spectroscopic information on the target 
species. Both CRDS and CEAS are based on a measurement 
of "c. 

In CRDS, an optical source is usually coupled to the 
resonator in a mode-matched manner, so that the radiation 
trapped Within the resonator is substantially in a single 
spatial mode. The coupling betWeen the source and the 
resonator is then interrupted (e.g., by blocking the source 
radiation, or by altering the spectral overlap betWeen the 
source radiation and the excited resonator mode). A detector 
typically is positioned to receive a portion of the radiation 
leaking from the resonator, Which decays in time exponen 
tially With time constant "c. The time-dependent signal from 
this detector is processed to determine '5 (e.g., by sampling 
the detector signal and applying a suitable curve-?tting 
method to a decaying portion of the sampled signal). Note 
that CRDS entails an absolute measurement of "5. Both 
pulsed and continuous Wave laser radiation can be used in 
CRDS With a variety of factors in?uencing the choice. The 
articles in the book “Cavity-RingdoWn Spectroscopy” by K. 
W. Busch and M. A. Busch, ACS Symposium Series No. 
720, 1999 ISBN 0-8412-3600-3, including the therein cited 
references, cover most currently reported aspects of CRDS 
technology. 

Single spatial mode excitation of the resonator is also 
usually employed in CEAS, but CEAS differs from CRDS 
in that the Wavelength of the source is sWept (i.e., varied 
over time), so that the source Wavelength coincides brie?y 
With the resonant Wavelengths of a succession of resonator 
modes. A detector is positioned to receive radiation leaking 
from the resonator, and the signal from the detector is 
integrated for a time comparable to the time it takes the 
source Wavelength to scan across a sample resonator mode 
of interest. The resulting detector signal is proportional to "u, 
so the variation of this signal With source Wavelength 
provides spectral information on the sample. Unlike CRDS, 
the CEAS technique entails a relative measurement of "c. The 
published Ph.D. dissertation “Cavity Enhanced Absorption 
Spectroscopy”, R. Peeters, Katholieke Universiteit 
Nijmegen, The Netherlands, 2001, ISBN 90-9014628-8, 
provides further information on both CEAS and CRDS 
technology and applications CEAS is also discussed in a 
recent article entitled “Incoherent Broad-band Cavity-en 
hanced Absorption Spectroscopy by S. Fiedler, A. Hese and 
A, Ruth Chemical Physics Letters 371 (2003) 284-294. 

In cavity enhanced optical detection, the measured ring 
doWn time depends on the total round trip loss Within the 
optical resonator. Absorption and/or scattering by target 
species Within the cavity normally accounts for the major 
portion of the total round trip loss, While parasitic loss (e. g., 
mirror losses and re?ections from intracavity interfaces) 
accounts for the remainder of the total round trip loss. The 
sensitivity of cavity enhanced optical detection improves as 
the parasitic loss is decreased, since the total round trip loss 
depends more sensitively on the target species concentration 
as the parasitic loss is decreased. Accordingly, both the use 
of mirrors With very loW loss (i.e., a re?ectivity greater than 
99.99 percent), and the minimization of intracavity interface 
re?ections are important for cavity enhanced optical detec 
tion. Although the present invention Will be described pri 
marily in the context of CRDS, it should be understood that 
the methodology is also applicable to CEAS. In other 
techniques, called integrated cavity output spectroscopy 
(ICOS) and off-axis ICOS, the cavity is aligned so as to 
create a set of densely spaced modes, and With these 
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techniques the method of this invention cannot be used. The 
present invention relies on the RDC clearly de?ning a comb 
of equally spaced modes (having the same transverse mode 
number and separated by the free spectral range). Such a 
comb of frequencies does not exist for ICOS cavities. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a typical CRDS setup Where one of the 
mirrors of the RDC is movable. This con?guration uses the 
knoWn “sWept cavity” approach. 

FIG. 2 illustrates the principle of operation for the sWept 
cavity implementation of CRDS. The laser line is sWept 
around a mode of the optical resonator and produces a 
ring-doWn signal at every coupling event. 

FIG. 3 illustrates hoW a sequence of the same longitudinal 
modes (for a ?xed transverse mode) in an optical resonator 
creates an equidistant set of frequency references. The 
positions of all the cavity mirror are ?xed, While the laser is 
sWept around each mode of the optical resonator multiple 
times in order to collect ring-doWn events. The dotted lines 
represent the same array of cavity frequencies When the 
position of one of the cavity mirrors is altered using a 
transducer to thereby change the cavity length by a fraction 
of a Wavelength. 

FIGS. 4a and 4b shoWs tWo alternative embodiments of 
the current invention. The system of the present invention 
requires only a coarse, inexpensive Wavelength monitor 
having resolution comparable to the cavity free spectral 
range (FSR). FIG. 4a is a schematic shoWing 2 and 3 mirror 
cavity con?gurations, both of Which are suitable for the 
practice of the present invention. FIG. 4b illustrates Wave 
length monitor signal as a monotonic function of the laser 
Wavelength. 

FIG. 5 illustrates the timing diagram of the frequency 
binning system of the present invention. The laser is tuned 
over multiple cavity free spectral ranges from start Wave 
length Al to end Wavelength M. For every ring-doWn event, 
the trigger time (ti), the Wavelength before shut-off (Xi) and 
the ring-doWn time constant ('51-) are recorded. The laser is 
sWept multiple times over the selected spectral range. 

FIG. 6 illustrates the reorganization of the data array into 
“bins”. The sorting is done by coarse Wavelength. The 
coarse Wavelengths correspond to RDC modes. 

FIGS. 7a and 7b illustrate, respectively, spectral data 
organiZed by Wavelength monitor signal (or Wavelength) 
over a speci?ed tuning range, as a function of bin number, 
and detail from a plot of monitor signal as a function of bin 
number, clearly illustrating the “staircase” of bin Wave 
lengths. In FIG. 711 note the monotonic, but not necessarily 
linear transfer function of the Wavelength monitor. The array 
data are organiZed into bins and an average value of the 
decay time constant and Wavelength is obtained for each bin. 

FIG. 8 shoWs the Wavelength monitor function that is 
obtained by interpolating the measured Wavelengths using a 
spacing equal to the free spectral range(FSR) of the ring 
doWn cavity (RDC). FIGS. 9a and 9b shoW the measured 
spectrum using (911) raW data for Wavelength and ring-doWn 
time constant, and (9b) averaged data for ring-doWn time 
constant and computed data from the ?tted Wavelength 
monitor transfer function for the Wavelength. 

FIG. 10 shoWs the shot-to-shot noise as a function of 
Wavelength “bin” over a spectral range When the frequency 
binning method is applied. 

FIGS. 11 through 13. illustrate the capability of the 
binning technique to accommodate cavity length change 
(and hence mode position drift during the measurement 
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6 
period. FIG. 11 shoWs the ?rst spectral scan and the selection 
of a reference bin. FIG. 12 shoWs the frequency dependence 
for a series of ?ve measurements. FIG. 13 shoWs a more 
detailed image of the spectrum 

FIG. 14 shoWs hoW the frequency of an excited cavity 
mode can be determined With an accuracy higher than the 
accuracy achievable by an individual Wavelength monitor 
measurement. 

FIGS. 15a and 15b illustrates the applicability of the 
present invention to a V (1511) or ring cavity (15b) CRDS 
system. 

DESCRIPTION OF THE INVENTION 

As previously indicated, none of the above-mentioned 
prior art absorption spectroscopy methods can measure the 
Wavelength very precisely or accurately, and all of the 
laser-based methods, including CRDS and CEAS, have a 
spectral resolution that is only as good as the Wavelength 
monitor used to measure and control the laser output. It is the 
purpose of the present invention to provide a Wavelength 
measurement method that substantially increases the Wave 
length resolution of a CRDS or CEAS system, Without 
requiring the use of a high precision Wavelength monitor. 

Furthermore, the method described herein does not 
require tight Wavelength control of the laser source itself. 
Suitable lasers for the practice of the current invention 
include Distributed Bragg Re?ector Lasers, Optical Para 
metric Oscillators, Optical Parametric Generators, External 
Cavity Diode Lasers and Distributed Feedback Lasers. All 
these lasers are of types knoWn to the skilled artWorker. 
Depending on the precise nature of the target analyte it may 
be possible to utiliZe a single laser Which is tunable over a 
Wavelength band suitable to cover all the absorption peaks 
of interest for the target analyte. For example, Distributed 
Feedback Lasers are tunable to emit radiation over a rela 
tively broad Wavelength range by varying the pump current 
to the laser and/or by altering the operating temperature of 
the laser. If an external cavity diode laser is utiliZed it Will 
advantageously have a micromotor for Wide range (coarse) 
tuning and a pieZoelectric transducer (PET) for narroW range 
(?ne) tuning. Another particularly suitable laser is an Optical 
Parametric Oscillator, Which is another type of laser Which 
provides a broad tuning range. 

In a typical CRDS setup (FIG. 1), light from a laser is ?rst 
injected into the RDC, and is then interrupted. The circu 
lating light inside the RDC is both scattered and transmitted 
by the mirrors on every round-trip, and can be monitored 
using a photodetector placed behind one of the cavity 
mirrors. The decay constant, (ring-doWn time constant) "c, is 
then measured as a function of laser Wavelength to obtain a 
spectrum of the cavity optical losses. Detailed mathematical 
treatments of CRDS can be found in the previously cited 
book by Busch and Busch. A simple derivation is presented 
here. 

For a given Wavelength, 7», the transmitted light, I(t,7t), 
from the RDC is given by 

I(z,7t):IOe”/‘O‘) (3) 

Where I0 is the transmitted light at the time the light source 
is shut off, and "5(7») is the ring-doWn time constant. The total 
optical loss inside the cavity is L(}\,):[CT(}\,)]_I, Where c is the 
speed of light. The total optical loss comprises the empty 
cavity optical loss plus the sample optical loss. As already 
indicated, CRDS provides an absolute measurement of these 
optical losses. The empty cavity (round-trip) optical loss, 












